The nutritional significance of plasma free amino acids was examined by studying the effects of the quality and quantity of dietary protein on free amino acids in plasma and tissues of adult rats. The animals were given a diet containing 3, 6 or 10% egg protein or 3, 13 or 20% wheat gluten or rice protein for 4 weeks. At the end of the 4-week period, the rats were fasted for 12 hr and the samples were prepared for the measurements of free amino acids in plasma and tissues. In rats on low protein diets, the plasma levels of essential amino acids (EAAs) decreased significantly, the reduction unexpectedly being greatest in rats on egg protein and least in those on wheat gluten. However, the levels of threonine, leucine and phenylalanine showed significant correlations with the dietary protein level, irrespective of the protein source. Moreover, the plasma lysine levels in rats on rice and wheat gluten diets were maintained at almost the normal levels, irrespective of the protein level, although lysine is a limiting factor in these proteins. Of the nonessential amino acids (NEAAs), serine and glycine in the plasma increased greatly in rats on low-protein diets, and then the ratio of EAAs to NEAAs (E/N) decreased significantly to about half (0.44 to 0.47) the values in rats on the highest protein diets, irrespective of the protein source. Findings in muscle were comparable to those in plasma. In liver, the ingestion of low-protein diets resulted in higher levels of serine and threonine, especially in groups on poor quality protein, while total EAAs were not affected by the dietary protein level. Unlike in the plasma and other tissues, in the small intestine tissue, free amino acids showed no consistent change in response to the dietary protein. It is suggested that this tissue contributes to correcting the amino acid pattern of the ingested protein.
Summary
The nutritional significance of plasma free amino acids was examined by studying the effects of the quality and quantity of dietary protein on free amino acids in plasma and tissues of adult rats. The animals were given a diet containing 3, 6 or 10% egg protein or 3, 13 or 20% wheat gluten or rice protein for 4 weeks. At the end of the 4-week period, the rats were fasted for 12 hr and the samples were prepared for the measurements of free amino acids in plasma and tissues. In rats on low protein diets, the plasma levels of essential amino acids (EAAs) decreased significantly, the reduction unexpectedly being greatest in rats on egg protein and least in those on wheat gluten. However, the levels of threonine, leucine and phenylalanine showed significant correlations with the dietary protein level, irrespective of the protein source. Moreover, the plasma lysine levels in rats on rice and wheat gluten diets were maintained at almost the normal levels, irrespective of the protein level, although lysine is a limiting factor in these proteins. Of the nonessential amino acids (NEAAs), serine and glycine in the plasma increased greatly in rats on low-protein diets, and then the ratio of EAAs to NEAAs (E/N) decreased significantly to about half (0.44 to 0.47) the values in rats on the highest protein diets, irrespective of the protein source. Findings in muscle were comparable to those in plasma. In liver, the ingestion of low-protein diets resulted in higher levels of serine and threonine, especially in groups on poor quality protein, while total EAAs were not affected by the dietary protein level. Unlike in the plasma and other tissues, in the small intestine tissue, free amino acids showed no consistent change in response to the dietary protein. It is suggested that this tissue contributes to correcting the amino acid pattern of the ingested protein.
It is well known that in protein-energy malnutrition of the kwashiorkor type and in experimental protein deficiency, essential amino acids (EAAs) in the plasma tend to be decreased, while some nonessential amino acids (NEAAs) are increased. Previously, we examined the effect of dietary energy on plasma free amino acids in young men on low egg or rice-protein diet (1). Longnecker and Hause (2) reported that free amino acids in plasma roughly reflect the amino acid pattern of ingested protein. But in the young men on diets containing graded levels of wheat gluten, plasma lysine was usually maintained at the normal level, while the plasma valine concentration decreased significantly, even in the group on 1.0 g/kg of gluten (3). These findings in young men differ from results in children (4, 5) and growing animals (6) fed on gluten diets, suggesting that the responses of free amino acids in the plasma or tissues to the dietary protein may differ in adult and growing animals and humans. These results also suggest that in protein deficiency, plasma free amino acids may reflect not the amount or pattern of the protein consumed, but rather changes in amino acid metabolism in various tissues in response to the diet. Accordingly, the metabolic and clinical significances of plasma free amino acids should be considered in relation to changes in tissue levels.
However, most previous studies on the effect of dietary protein on free amino acids in the plasma and tissues have been performed on young, not adult animals. Therefore, in this study we used adult rats and examined 1) the effects of the quality and quantity of ingested protein on free amino acids in the plasma, 2) the effect of dietary protein on the tissue free amino acid level and the influence of the latter on free amino acid levels in the plasma, and 3) the significance of plasma free amino acids as an index of the protein nutritional status. EXPERIMENTAL Animals and diets. Male Sprague-Dawley strain rats weighing about 200g were fed on stock diet until they weighed about 300g, and were then divided into 9 groups of 6 rats each and housed individually in an air-conditioned room. The 9 groups were given the experimental diets indicated in Table 1 ad libitum for 4 weeks.
Lyophilized whole egg (egg), concentrated rice protein (rice) and commercial wheat gluten (gluten) were used as the sole sources of dietary protein. Then, to prevent the peroxiding of lipids in the lyophilized whole egg powder, the powder was freshly prepared on all occasions of use and the diets were stored in the refrigerator. Concentrated rice protein was prepared by the extraction procedure shown in Fig. 1 and its amino acid composition was measured in an automatic amino acid analyzer. The nitrogen contents of the proteins used were calculated by multiplying the values by factors of 6.55 for egg, 5.95 for rice and 5.70 for gluten. On the basis of the results of a preliminary experiment, the levels of the dietary 
RESULTS
Changes in body weight and food consumption Results are given in Table 2 . The average food intakes per day were 17.7 to 18.9 g for egg diet, 18.5 to 19.8g for rice diet and 19.1 to 22.1g for gluten diet. In general, the food consumptions of groups on 3% protein diet were slightly lower than those of groups on high-protein diets and the ingestion of diet of poor protein quality resulted in higher food consumption.
The weight gains per day in groups on 3% protein were+0.54 g for egg, -0 .46g for rice and -1.25g for gluten protein and these gains were significantly lower than those of groups on the intermediate and highest levels of the respective proteins. The dietary protein levels for maintenance were approximately 2.3% for egg, 4.5% for rice and 11.7% for gluten.
Changes in protein concentration in plasma
Changes in protein concentration in the plasma are shown in Table 3 . The correlations of the plasma protein concentrations (Y: g/100ml) with the dietary protein levels (X: %) were as follows: Y=0.12X+5.89 (n=18, r=+0.81, p <0.01) (n =18, r=+0.93, p<0.01) for gluten. The plasma protein levels of gluten groups were lower than those of groups on egg or rice protein. Moreover, the plasma protein levels were low in groups in which the levels of dietary protein were too low for maintenance of body weight.
Changes in free amino acid concentrations in plasma The changes in concentrations of individual free amino acids in the plasma of rats on diets containing various levels of egg protein, rice protein and gluten are Changes in free amino acid concentrations in tissue of the small intestine The relations of changes in free amino acid concentrations in intestinal tissue and the dietary protein source and level are shown in Table 7 . Among the groups on 3% protein, those on egg protein showed the most decrease in EAA and those on gluten protein also showed a decrease, except in leucine and isoleucine, which increased greatly; however, the concentrations of EAA in the group on gluten protein were higher than those in the group on egg protein. On the other hand, among the groups on rice protein, the lysine level was high in the group on , 3% protein and the threonine concentration was high irrespective of dietary protein level, as in liver. Total EAA were higher in animals on diets containing poor quality protein. Among the groups on low-protein diets, increase of the serine con centration was observed only with rice protein, consequently, with low intakes of egg and gluten protein total NEAA decreased slightly .
Correlations between dietary protein levels and amino acid concentrations in plasma , muscle and liver Results are shown in Table 8 . Regardless of the dietary protein source and tissue, the levels of serine and total NEAA and the E/N ratio showed significant correlations with the dietary protein level. The levels of threonine , valine, leucine, glycine and total EAA also showed highly significant correlations with the dietary protein level. However, the correlation coefficients of lysine levels with dietary protein were very low. These results confirm that serine, like the E/N ratio and total NEAA, could be used as an index of dietary protein intake .
Changes in enzyme activities
The activities of alanine transaminase and aspartate transaminase in various tissues are shown in Table 9 . In protein deficiency, the activities of both enzymes in the liver were significantly reduced, irrespective of the source of dietary protein .
The activities of these enzymes in the 3 tissues examined were especially low in rats on 3% egg protein.
Serine dehydratase activity in the liver of rats on egg protein diets sensitively reflected the dietary protein level, as shown in Fig . 4 ; the value in the group on 3 protein was 1/7 of that in the group on 10% protein.
DISCUSSION
Lower EAA values in plasma have been observed in adult , weanling and growing rats on low-protein diets (1, 3, 10) . It might seem probable that the low level of protein should be the main cause of these low values . However, unexpectedly we found that the lowest value for total EAA was observed , not in the gluten protein group, but in the egg protein group. Moreover, the differences between the value for Table 8 . EAA at the highest and lowest levels of each protein were greatest for egg, followed by rice and gluten: i.e., the reverse order to the qualities of these proteins. When animals are given protein-deficient diets, the free amino acids necessary for maintaining protein metabolism in more important tissues will be supplied first from the amino acid pool, then, from labile proteins and finally from fixed protein as protein deficiency becomes extreme. Animals on diets with protein of very poor quality and quantity, such as 3% gluten, probably progress rapidly to the final stage of protein deficiency. Then, the large amounts of free amino acids produced by breakdown of fixed proteins will mask the amino acids supplied in the diet. Banks et al. (11) demonstrated that in the rats on wheat gluten diet breakdown of body protein was accelerated to correct for the poor amino acid pattern of gluten. Judging from his results and the qualities of the proteins used in the present work, the rats on the diets of 3% egg, rice and gluten protein in our work should be at the three stages of protein deficiency described above; the group on 3% egg at the first stage, the group on 3% rice at the second stage and the group on 3 % gluten at the fi nal stage. On the other hand, Munro (12) showed that accelerated protein synthesis in the tissue after insulin injection resulted in marked decreases in the plasma levels of amino acids. The above considerations indicate that many factors affect plasma amino acid levels and so it is difficult to assess the adequacy of the diet directly from changes in plasma essential amino acid levels. Figure 5 shows the amino acid patterns of the dietary egg, rice and gluten and of the plasma of rats fed on these proteins. Although the amino acid compositions of the dietary proteins differed, those of the plasma were similar, especially at the highest dietary protein levels. Thus the levels and patterns of plasma amino acids do not directly reflect the levels and patterns of ingested dietary protein, but indirectly reflect the overall picture of amino acid metabolism in the various tissues in response to the quality and quantity of ingested protein.
Tissue of the small intestine may be one of the most significant of the tissues with respect to amino acid levels, because dietary amino acids are initially modified in this organ, and the free amino acid pools of this tissue are also affected by the dietary protein. In this study we found that free amino acids in the small intestine showed responses different from those in the plasma and other tissues to the quality and quantity of dietary protein. Leung et al. (13) reported similar flexible responses of small intestine amino acid pools to dietary protein in rats given imbalanced diets. On the other hand, Munck and Schultz (14) demonstrated that the processes mediating the transport of lysine and leucine across the brush border had overlapping specificities. In our animals given 3% gluten diets, we found that the very high levels for leucine in the small intestine were observed. Thus, very low levels of dietary lysine might have resulted in the abnormal transport of leucine across the brush border. Lysine is the most limiting factor in gluten and rice protein.
There are reports (6, 10) of very low levels of lysine in the plasma and tissues of growing animals fed on these proteins. Nevertheless, we found that the lysine concentrations in the plasma, muscle and liver of adult rats given these proteins were almost normal irrespective of the dietary protein level. These findings in adult rats accorded with results observed in the plasma of young men given graded levels of wheat gluten (3), and possible explanations of these results have been discussed in detail in a previous report (3) . Thus, the responses of free lysine in the plasma and tissues to dietary gluten differ in adult and growing animals, and in adults, the free lysine levels in the plasma and tissues do not always reflect the degree of lysine deficiency of the diet.
Increase of total NEAA in the plasma of protein-deficient young men was mainly due to increase in alanine; the plasma level of serine showed little or no change, or occasionally decreased (1, 3) . On the contrary, in adult rats serine, rather than alanine, increased; the increase was greater in animals on diets containing poor quality protein. Moreover, serine increased most in the liver, followed by muscle and plasma. Yamamoto et al. (15) and Aikawa et al. (16) have reported that liver serine is mainly provided in large amounts from the kidney, and that in muscle this amino acid is converted to glycine before being supplied to the liver. However, we found that in the muscle of rats fed on 3% protein diets the increase of serine (150%) was greater than that of glycine (108%). It seems probable that a considerable amount of serine itself is supplied not only to the liver but also to the muscle again through the plasma. On the other hand, the decrease in activity of serine degradation and the increase in serine synthetic activity (17) in rats on low protein diet may also result in higher levels of liver serine. The reliability of the E/N ratio as an index of the protein nutritional status has been demonstrated in children (18) , growing rats (10) and young men (1, 3) . In this study on adult rats, the E/N ratio in the plasma showed a significant correlation with the dietary protein level and the slope of the regression line obtained also reflected the quality of the protein. There was a significant correlation between the E/N ratio and plasma protein concentration, as shown in Fig. 6 .
Tasaki and Ohno (19) demonstrated a highly significant correlation between the total NEAA and weight gain in chickens. We observed a similar correlation in adult rats, as indicated in Fig. 2 . The slope of the regression line decreased in the order egg<rice<gluten. These results indicate that plasma total NEAR are also useful indexes of the protein nutritional status under sufficient energy.
This study showed that the levels of plasma free amino acids depend on complicated changes of amino acid metabolism in the tissues. Therefore, to understand the significance of the plasma levels of free amino acids, it is essential to elucidate changes in amino acid metabolism in relation to dietary protein in individual organs.
